Transgenic Leishmania infantum promastigotes, which constitutively express green fluorescent protein (GFP) in their cytoplasm, were used to monitor the effects of antileishmanial compounds in real time. The GFP-based assay provided a reliable measure of drug-induced inhibitory effects on protein expression, resulting in a dynamic picture of the responses of leishmanial promastigotes to the compounds tested.
SDM-79 and SM medium, pH 7.4) as described previously (11) , supplemented with 10% heat-inactivated calf serum. Clonal lines of transgenic Leishmania p-229 promastigotes were obtained by electroporation of the expression vector pXG-GFP (kindly provided by S. Beverley, Washington University, St. Louis, Mo.) and selection in medium containing the antibiotic Geneticin (G418; Sigma) to a final concentration of 280 g/ml (7, 12, 17) .
Allopurinol (Sigma) was added from a 10-mg/ml stock solution dissolved in 0.1 N NaOH. Cycloheximide and puromycin (Sigma) were dissolved in water to form 10-mg/ml stock solutions. Chloralin was kindly provided by A. Armson (Murdoch University, Perth, Australia) and was dissolved in dimethyl sulfoxide to form a 100 mM stock solution.
Transgenic promastigotes (5 ϫ 10 6 cells, logarithmic growth phase) were used to determine the GFP turnover by treating the cells with 100 g of cycloheximide/ml as described previously (19) . In a parallel assay, cells were treated with 800 g of allopurinol/ml. At least 10 5 cells were collected at 24-h intervals for 4 days and analyzed by flow cytometry to quantify intracellular GFP fluorescence. The proportion of dead cells at these time intervals was also determined by the addition of 10 g of propidium iodide (PI)/ml. Determination of PI exclusion is a standard method to assess cell viability in cell-sorting experiments (9, 10, 16) . In a comparative series of experiments, the effects of 5 g of cycloheximide/ml, 50 g of puromycin/ml, and 2.7 g of chloralin/ml (10 M) on GFP expression and cell viability were determined after 24 h of exposure to the drugs.
The green fluorescence of GFP and the red fluorescence of PI were excited using an argon laser at a wavelength of 488 nm (FACS Calibor; Becton Dickinson, Heidelberg, Germany). At least 10,000 cells were analyzed per sample, and each experiment was repeated at least three times. Quantitative data analysis was performed using CELLQuest and WinMDI analysis software.
Live transgenic L. infantum parasites examined by fluorescence microscopy showed bright cytoplasmic GFP fluorescence. Total GFP fluorescence intensities were proportional to the number of cells and remained stable until late stationary phase. The growth kinetics were comparable to those of untransformed promastigotes, with a maximal cell concentration of 1.1 ϫ 10 8 about 72 h postinoculation (data not shown).
As a positive control for the effect of complete protein synthesis inhibition on cellular GFP fluorescence, transgenic cells were treated with 100 g of cycloheximide/ml. FACS analysis showed a decrease in fluorescence of 57% after 96 h (Fig. 1A ) compared to that of untreated parasites (ϳ1%, data not shown) and provided a rough estimate of approximately 80 h for the apparent half-life of GFP. Treatment with 800 g of allopurinol/ml had a similar effect (Fig. 1B) , with a 40% decrease in GFP fluorescence resulting. The number of PIstained cells increased in parallel with the decrease in the number of GFP-positive cells, indicating a lethal effect of prolonged drug exposure. After 96 h, more than 60% of the promastigotes treated with 100 g of cycloheximide/ml were dead (PI positive), compared to only 18.4% after treatment with 800 g of allopurinol/ml.
A series of histograms shows the GFP ( Fig. 2A, C , E, G, and I) and PI (Fig. 2B, D , F, H, and J) fluorescence intensities after treatment with puromycin, cycloheximide, and chloralin. The numbers of GFP-and PI-positive cells after 24 h were determined by FACS analysis using the appropriate gating. Treatment with 5 g of cycloheximide/ml or with 50 g of puromycin/ml resulted in the inhibition of GFP expression in 24% (Fig. 2E) and 40% (Fig. 2G ) of the promastigotes, respectively. Treatment with 2.7 g of chloralin/ml (10 M) showed the largest effect and resulted in a reduction in GFP fluorescence in 73% of the cells (Fig. 2I) . The proportions of PI-stained dead cells after treatment with cycloheximide or puromycin were 33% (Fig. 2F) and 57% (Fig. 2H) , respectively, whereas 93% of the cells died as a result of treatment with chloralin (Fig. 2J) .
In this study, we evaluated the use of intracellular GFP quantification for the assessment of drug action in transgenic L. infantum promastigotes. We have shown that even a stable form of GFP is affected by compounds that directly or indirectly interfere with protein synthesis. If protein synthesis is completely inhibited in a cell, the intracellular GFP levels will decrease according to the half-life of the protein. Even though we could easily detect decreased GFP levels in cells treated with allopurinol, a compound with a partial antileishmanial effect (3, 8, 15, 16) , the sensitivity of the present assay would benefit greatly from a decreased half-life of GFP. Destabilizing signals which lead to an increased turnover of GFP have been introduced in other systems (6, 19, 21) and may also be adapted for use with Leishmania. Alternatively, our system may profit from a new generation of GFP molecules which change their emitted light from green to red as the age of the protein increases (23) . The advantage of such improved systems would be a shortened time of incubation with the drug before an effect on gene expression could be accurately quantified (5, 14) . The principal advantages of the GFP-based screening assays over traditional viability tests, such as [
3 H]thymidine incorporation, are speed, direct analysis of a sample in FACS without prior preparation, and a reliable and reproducible measure of the cells' status. Also, the cells are not killed during the procedure, which makes possible high-throughput screening in microtiter plates with repeated rounds of FACS quantification of GFP (5) .
Staining of drug-treated cells with PI, a fluorescent dye incapable of crossing intact membranes of living cells, in combination with measurement of the fluorescence of GFP gives information on two different but possibly interconnected levels. Whereas GFP provides a measurement of actual protein synthesis, and can therefore detect cytostatic effects, PI staining gives direct information on cell viability, which is affected primarily by cytotoxic compounds. Treatment of transgenic promastigotes with 800 g of allopurinol/ml decreased the GFP levels in 40% of the cells, but only 18.4% of the cells were dead (i.e., PI positive) after 96 h. These results are consistent with earlier findings that allopurinol has only a partial inhibitory effect on Leishmania in vitro (15, 16) . Chloralin, on the other hand, had a profound effect on both cell viability and intracellular GFP levels. Similar results were obtained in previous studies by using either [ 3 H]thymidine incorporation (1) or SYBR-14 or PI staining (15, 16) as a measurement of cell proliferation.
Our data have shown the usefulness of cytoplasmic GFP expression as a tool for monitoring drug-induced inhibitory effects in transgenic Leishmania parasites. The GFP-based assay provides a rapid, real-time assessment of changes in cellular protein expression over time, does not require additional preparation, and can be used to perform high-throughout screening. 
